Cryoelectron microscopy has been used to determine the structure of a virus when complexed with its glycoprotein cellular receptor. Human rhinovirus 16 complexed with the two amino-terminal, immunoglobulln-like domains of the intercellular adhesion molecule 1 shows that the intercellular adhesion molecule 1 binds into the 12-A deep "canyon" on the viral surface. This result confirms the prediction that the viral-receptor attachment site lies in a cavity inaccessible to the host's antibodies. The atomic structures of human rhinovirus 14 and CD4, homologous to human rhinovirus 16 and intercellular adhesion molecule 1, showed excellent correspondence with observed density, thus establishing the virus-receptor interactions.
Human rhinoviruses are one of the major causes of the common cold. They, like other picornaviruses, are icosahedral assemblies of 60 protomers that envelope a single, positivesense strand of RNA. Each protomer consists of four polypeptides, VP1-VP4. The three external viral proteins (VP1-VP3) each have an approximate Mr of 30,000 and a similar folding topology (1, 2) . The external viral radius is "'150 A, and the total molecular weight is roughly 8.5 x 106. A surface depression, or canyon, that is "12 A deep and 12-15 A wide, encircles each pentagonal vertex (Fig. lc) . Residues lining the canyon are more conserved than other surface residues among rhinovirus serotypes (5) . The most variable surface residues are at the sites of attachment of neutralizing antibodies (1, 6, 7) . It has been proposed that the cellular receptor molecule recognized by the virus binds to conserved residues in the canyon, thus escaping neutralization by host antibodies that are too big to penetrate into that region. This hypothesis (1, 8) is supported by site-directed mutagenesis ofresidues lining the canyon that alters the ability ofthe virus to attach to HeLa cell membranes (9) . Also, conformational changes in the canyon floor, produced by certain antiviral agents that bind into a pocket beneath the canyon floor, inhibit viral attachment to cellular membranes (10) . Conservation ofthe viral-attachment site inside a surface depression has been observed for Mengo (11) and influenza virus (12) 
There are well over 100 human rhinovirus serotypes, which can be divided into roughly two groups according to the cellular receptor they recognize (13, 14) . The structures of human rhinovirus 14 (HRV-14) (1), which belongs to the major group of serotypes, and of HRV-1A (15) , which belongs to the minor group of serotypes, have been determined. There are at least 78 serotypes (16) that bind to intercellular adhesion molecule 1 (ICAM-1), the major group rhinovirus receptor (17, 18) . The ICAM-1 molecule has five immunoglobulin-like domains (D1-D5, numbered sequentially from the amino end), a transmembrane portion, and a small cytoplasmic domain (19, 20) . Domains D2, D3, and D4 are glycosylated. Unlike immunoglobulins, ICAM-1 appears to be monomeric (18) . Mutational analysis of ICAM-1 has shown that domain D1 contains the primary binding site for rhinoviruses as well as the binding site for its natural ligand, lymphocyte function-associated antigen 1 (20) (21) (22) (23) . Other surface antigens within the immunoglobulin superfamily that are used by viruses as receptors include CD4 for human immunodeficiency virus type 1 (24) (25) (26) (27) , the poliovirus receptor (28) , and the mouse coronavirus receptor (29) . In ICAM-1, the poliovirus receptor (30, 31) , and in CD4 (32) the primary receptor-virus binding site is domain D1. The structures of the two amino-terminal domains of CD4 have been determined to atomic resolution (33, 34 (35) . The desialated form of tICAM-1(185), which will be referred to hereafter as molecule D1D2, has recently been crystallized (36) .
A model of the amino-terminal domain D1 of ICAM-1, based on its homology to known structures of the constant domains of immunoglobulins, was reported by Giranda et al. (37) . Guided by mutational studies of HRV-14 and ICAM-1, they were able to fit this model into the known canyon structure ofHRV-14. We have used cryoelectron microscopy and image-analysis techniques to calculate a threedimensional reconstruction of the complex of HRV-16 and D1D2 to -28-A resolution. The reconstruction clearly shows that the receptor binds into the canyon of rhinovirus as predicted (1, 8) . In addition, we use the known structures of HRV-14 and CD4 and the predicted structure of domain D1 of ICAM-1 to identify atomic interactions. 16 , and 1A, respectively; D1D2, desialated form of truncated ICAM-1-(1-185) that includes domains 1 and 2. tPresent address: Genetic Therapy Inc., 19 Firstfield Road, Gaithersburg, MD 20878. §To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The only readily visible details on the complexes (Fig. lb) are the D1D2 molecules that are seen either edge-on at the periphery of the virions or end-on in projection. Forty-four images of the complex were combined to compute a threedimensional reconstruction (Fig. ld) with an effective resolution of -28 A (38) . Although each of the images could be aligned with respect to a consistent choice of enantiomorph, in the absence of additional information there was no way to determine the absolute hand of the reconstruction. However, the asymmetric distribution of density features about the 3-and 5-fold axes in both the reconstruction and the known HRV-14 structure (Fig. le) A difference map between the EM density and the 20-Aresolution HRV-14 density (Fig. 2) showed that the D1D2 molecule binds to the central portion of the canyon in a manner roughly as predicted by Giranda et al. (37) , confirming the predictions inherent in the canyon hypothesis (6) . This map also showed that the D1D2 molecule has more extensive association with the "southern" than the "northern" (Fig. 3) wall and rim of the canyon. The binding site is near the center of the triangle formed between a 5-fold and two adjacent 3-fold axes (Fig. 3) . The ICAM fragment is oriented roughly perpendicular to the viral surface and extends to a radius of -205 A. Its total length is -75 A, as measured in the difference map.
Studies with interspecies chimeras and site-directed mutagenesis of ICAM-1 aimed at identifying the regions neces- sary for rhinovirus binding indicated that only the first domain is essential and that the residues most involved in virus binding were concentrated on the outside end ofdomain DI (21, 22) . However, it has proven difficult to produce an active form of domain Dl in solution, domains Dl plus D2 being the minimal soluble virus-binding species (35) . The inability to produce domain Dl in isolation and the sequence alignment between ICAM-1 and CD4 suggested that domains Dl and D2 of ICAM-1 are intimately associated through a common, extended P-strand, as is seen in the structure of CD4 (33, 34) . Thus, it seemed reasonable to use the known structures of CD4 for fitting the reconstructed density map (Fig. 2) (Fig. 2a) . The extra density in D2 [in the region farthest away from the virus (Fig. 2a) ] compared with domain D2 of CD4 is probably due to the associated carbohydrate groups located in this region. The atomic structure of HRV-14 closely matched the reconstructed density that was not occupied by the D1D2 fragment. The only exception occurred in the B-C loop of VP1 ofHRV-14 (see Fig. 2 ), which extended z3 A outside the reconstructed density on the northern rim of the canyon. However, this region of the polypeptide chain is a highly variable structure and is the site of one of the two largest conformational differences between HRV-14 and HRV-1A (17) . It is also the site of major differences in the structures of homologous poliovirus serotypes 1 and 3 (41).
Mutational Data. The footprint of ICAM on the HRV-14 structure correlates very well with evidence from mutagenesis of the virus (Fig. 3) . Colonno et al. (9) showed that HRV-14 residues H1220 (the first digit of the residue identification signifies the viral protein, whereas the last three digits give the amino acid-sequence number within the protein), K1103, P1155, and S1223 all affect binding of the virus to cellular membranes. All of these residues are part of the canyon floor and lie centrally within the footprint ofthe D1D2 molecule-binding site (Fig. 3) . Certain antiviral agents to rhino-and enteroviruses (42) inhibit uncoating and attachment. These agents bind to a pocket beneath the canyon and, in HRV-14, significantly alter the structure of the canyon floor (40) . These conformational changes inhibit viral attachment (10, 43) and are now shown to be exactly at the site of ICAM-1 attachment (Fig. 3) .
The parts of the predicted ICAM-1 structure that contact HRV-14 are the amino-terminal four residues and loops B-C (residues 24-26), D-E (residues [45] [46] [47] [48] [49] , and F-G (residues 71 and 72; see Fig. 2 Enlarged view of the residues in the ICAM-1 footprint showing the residues (hatched areas) that, when mutated, affect viral attachment (Right) (9) , and the residues (stippled areas) altered in structure by the binding of antiviral compounds that inhibit attachment and uncoating (Left) (40) . tron microscopy in a manner similar to that reported here (45) ; however, neither the structure of the virus nor the antibody was known in atomic detail. Recently, the structure of a complex ofcowpea mosaic virus and a bound monoclonal antibody Fab fragment was determined with EM (46) . In that case, an atomic resolution structure of cowpea mosaic virus was known, permitting determination of the antibody footprint on the viral surface. Even more recently, the structure of a neutralizing-antibody Fab fragment, complexed with HRV-14, has been determined (51), which suggests the mode ofbivalent attachment required for neutralization. Here these cryoelectron microscopy techniques are applied to a virusreceptor complex.
Weis et al. (12) and Sauter et al. (47) have explored the interaction of a carbohydrate moiety on the surface of erythrocytes to which influenza virus can attach. We describe here the structure of a virus-receptor complex in which the receptor is a membrane-bound glycoprotein molecule that is used by a virus for recognition of a specific host tissue for attachment and subsequent entry. This receptor molecule belongs to the immunoglobulin superfamily, a class of molecules frequently used on cell surfaces for the recognition of other molecules (or recognized by viruses) that are subsequently transferred across the membrane. Although the structure ofCD4 is known (33, 34) , the structure ofthe human immunodeficiency virus-CD4 complex is not. Mutational studies suggest that the structure recognized by human immunodeficiency virus is a ridge made up of (-strands C" and D.
Because the general nature of the complex described here had been predicted on the basis of the strategy used by HRV to hide its receptor attachment site, perhaps many other viruses use a similar strategy. Poliovirus is clearly homologous to HRV, and both poliovirus (28) and the major rhinovirus group use an immunoglobulin-like molecule as receptor. Thus, it would be expected that the poliovirus receptor binds into the poliovirus canyon in a manner similar to that of the complex formed for rhinoviruses (31) . The structure of a mouse-adapted chimera of human poliovirus 2 has been determined (48) . The major structural change occurs in the chimera in the B-C loop, not in the canyon floor. In this instance, therefore, the B-C loop might modulate the virusreceptor interaction.
The determination of residues involved in receptor binding should make it possible to ascertain the origin of specificity ofthe major rhinovirus serotypes for ICAM-1. Comparison of the amino acid sequences of six rhinoviruses belonging to the major receptor group against four ofthe minor receptor group did not reveal any clear differentiation. Specificity for the minor receptor may reside in the tendency ofthe virus to bind a cellular fatty acid tightly (15, 41) (K. H. Kim et al., unpublished work) and thus alter the shape of the canyon floor, rather than the identity of the canyon surface residues themselves. Nevertheless, knowledge of the virus-receptor interaction will illuminate various strategies currently being developed to interfere with early stages of rhinoviral and other viral infections (35, 49, 50) .
